In the UK, there is a growing interest in constructing on-farm irrigation reservoirs, however deciding the optimum reservoir capacity is not simple. There are two distinct approaches to generating the future daily weather datasets needed to calculate future irrigation need. The change factor approach perturbs the observed record using monthly change factors derived from downscaled climate models. This assumes that whilst the climate changes, the day-to-day climate variability itself is stationary. Problems may arise where the instrumental record is insufficient or particularly suspect.
; Harris et al. ).
A number of approaches to adaptation have been identified. Vulnerability-led adaptation includes methods aimed at identifying and reducing present community/system vulnerability; thereby reducing future exposure to potentially damaging impacts. Scenario-led adaptation, studied here, uses future climate change projections to assess future climate change impacts. Downscaled regional-scale climate scenario data can be fed into impact models; the outputs are then used to inform adaptation, to maximise potential benefits and/or minimise potential risks (Wilby & Dessai ) . A hybrid approach, combining elements of vulnerability-led and scenario-led approaches has recently emerged, though is not the focus of this paper (Brown & Wilby ) .
Scenario-led adaptation is limited by the financial and technical capacity of the individuals undertaking the adaptation; their risk appetite, the availability of high quality downscaled climate change information and the type of adaptation options being considered (Adger et al. ; Dessai et al. ) . Despite greater awareness of its benefits (Füssel ; Ranger et al. ) , few real-world cases of scenario-led adaptation decisions have been realised (Tompkins et al. ) , with large sector and regional differences in the type of adaptation considered. This limited uptake has been attributed to a variety of factors; see Moser and Ekstrom () for an extensive discussion.
Scenario-led adaptation is used here to model irrigation demand and inform farm reservoir design in a semi-humid climate. A sufficiently long daily weather record is essential to adequately gauge the amount of water required. For the baseline period , irrigation demand calculations are often based on the observed record, though this may be substituted with a synthetic series from a weather generator provided it has been suitably calibrated (Green & Weatherhead ) . Similarly, a sufficiently long record of future daily weather data is required to model irrigation demand under the effects of climate change. Future weather data are typically generated from downscaled global climate models (GCMs). GCM outputs are often only available as monthly values (Holman et al. ) , which are generally insufficient for modelling dry year supplemental irrigation demand and many hydrological processes. They can however be used to perturb an observed or synthetic daily series using the 'change factor' approach (Loaiciga et al. ) , elsewhere referred to as perturbation or the 'deltachange' method (Prudhomme et al. ) . A change factor is obtained for each month in the future series, these figures are then used to perturb an observed baseline daily series to produce a future series, i.e. applying a January monthly change factor of 10% to an observed series would make all of the daily values in the future series for the month of January þ10% larger (Holman et al. ) . A criticism of the change factor approach is that it assumes that the climate variability is stationary, e.g. the same patterns of wet and dry days will occur in the future dataset as in the original baseline (Harris et al. ) . Despite this, it remains a popular approach, given its relative simplicity and low computation demands (e.g. Daccache et al. ) . Alternatively, a probabilistic weather generator can be used to generate multiple future time series using perturbed synthetic baselines.
Unlike the conventional change factor approach, weather generators are not dependent on the individual having access to a suitably long observed record (Green & Weatherhead ) nor do they assume that the future climate variability is stationary, making them an attractive tool for supporting robust decision making ( In the field of irrigated agriculture, decision makers have typically relied on the design dry year rule for estimating the volume of irrigation required. A design dry year is defined in the UK as a year with an 80% probability of non-exceedance (roughly equivalent to the older 'fourth driest year of five'
rule of thumb). This rule of thumb is generally considered the 'best practice approach' and forms the basis of most water allocation for UK irrigated agriculture (Weatherhead & Knox ) .
This study explores the difference between using the change factor approach and the UKCP09 weather generator for modelling future irrigation demand and informing reservoir design at three sites in the UK. Decision outcomes are obtained using the 80% probability of non-exceedance rule and an economic optimisation and compared. wind speed was assumed to be the same as the observed baseline due to the lack of earlier baseline data and future projections of wind speed.
Ten thousand climate projections were simultaneously generated using the UKCP09 weather generator, using the same ID codes to allow direct comparison, again for each weather station and each emissions scenario. The UKCP09
weather generator was previously found to be reasonably calibrated at these sites with the exception of some extreme events (which are beyond the scope of our analysis and do not impact the reservoir design) (Green & Weatherhead ) .
As the weather generator offers a much greater spatial resolution of 5 km 2 , data were generated for a grouping of 25 individual grid squares (i.e. a combined area of 25 km 2 ) overlying each weather station, to be directly comparable with the 10,000 member ensemble 25 km 2 grid square. It should be noted that the weather generator and 10,000 member sample ensemble spatial grids differ slightly in their orientation which may create subtle differences in the projected climate, though because of the large areas used, the impact is considered somewhat negligible. Despite this, the potential impacts on the outcomes of this study are an acknowledged limitation.
Next, WaSim was used to model irrigation demand at each site. In its basic format, WaSim is not capable of processing multiple climate files succinctly, so a modified version was developed and employed for this study to and field capacity of 24.5%.
The irrigation demand was calculated for each year in the 10,000 × 30 year sequences for each site and emission scenario, using both the change factor and weather generator datasets. The values within each sequence were then ranked from smallest to largest. The irrigation demand during the design dry year (referred to hereafter as 80% dry year irrigation demand) was calculated for each of the 10,000 sequences, using the 80% probability of non-excee- The Mann-Whitney U-test (Mann & Whitney ) was used to establish whether there were significant differences between the change factor and weather generator datasets in terms of both the 80% dry year irrigation demands and the optimum reservoir capacities. The Mann-Whitney U-test was chosen due to the non-parametric nature of the data even after applying transformations. The MannWhitney U-test is used to test the equality of two population medians. It is considered the non-parametric alternative to the 2-sample t-test, it assumes that the populations are independent and have a similar distribution shape. Unlike the 2-sample t-test it does not require the two populations to be normally distributed.
In addition, a sensitivity analysis was undertaken to establish how sensitive the decision outcome was to the choice of discount rate, benefit of the water and earthwork costs. Each parameter was varied in turn, keeping the other parameters fixed, and the median optimum reservoir capacity identified, calculating the percentage difference before and after varying each parameter. The discount rate was initially fixed at 3.5%, water benefit at £1.56 m À3 and earthworks at £1.125 m À3 , and subsequently scaled up and down using a linear coefficient.
RESULTS AND DISCUSSION
The 80% dry year irrigation demands were compared between the change factor and weather generator sequences for each site and emission scenario (Figure 1 ). The median 80% dry year irrigation demand was similar across both datasets. Both also had a similar interquartile and extreme range. These results support the assumption that the weather generator was reasonably calibrated with the observed record (Green & Weatherhead ) and suggest that using the UKCP09 weather generator instead of the conventional change factor approach may not necessarily lead to more robust decision making.
Next, the economic performance of various reservoir capacities generated using the full 10,000 change factor and weather generator sequences were compared against each other for each site and emission scenario. the difference between the maximum payoff and minimum payoff for each reservoir size) is initially quite narrow and increases with reservoir capacity. The NPV range is larger for the weather generator dataset than for the change factor dataset for all the reservoir capacities considered. For the change factor dataset, the median optimum reservoir capacity was 340 mm. In contrast, the weather generator estimated the median optimum reservoir capacity to be marginally smaller at 320 mm, but with a 20% larger NPV. Similar results were recorded for all three emission scenarios for all three sites.
Statistical analysis was undertaken to establish whether there was significant difference between using the weather generator and change factor datasets in terms of (1) the 80% dry year irrigation demand and (2) the optimum reservoir capacity. The 80% dry year irrigation demand values obtained using the weather generator dataset were significantly greater than those from using the change factor dataset. In contrast, the optimum reservoir capacities from the weather generator dataset were significantly lower than from the change factor dataset. However, while the differences were statistically significant at the 95 confidence interval (95CI) (Table 2), the difference in the 80% dry year irrigation demand was generally less than 25 mm, which is only the depth of a typical single application of water.
The difference in the optimum reservoir capacities was similarly small (though generally >25 mm), with the exception of the Brooms Barn site. These results again suggest that using the weather generator in place of the conventional change factor, while theoretically leading to more robust decision making, in reality is unlikely to greatly affect the decision outcome.
Finally, the optimum reservoir capacity was directly compared with the dry year irrigation demand calculated using a range on probability of non-exceedance values (80, 85, 90, 95 and 100%) . Based on these initial findings, the 80% probability of exceedance rule appears to underestimate the optimum reservoir capacity at Brooms Barn and Woburn and overestimate the optimum reservoir capacity at Slaidburn (the wettest site), with a difference of between À120 to þ100 mm (Figure 3) . The 95% probability of non-exceedance rule had a smaller difference of between 0 to þ170 mm. Visual comparison would suggest that the 95% probability of non-exceedance rule is much closer to the optimum reservoir capacity at the sites of Brooms Barn and Woburn. However at the site of Slaidburn, all five probability of non-exceedance rules tested appear to considerably overestimate the optimum reservoir capacity (see Figure 3 ). This result should serve as a warning to those stakeholders who do not consider the underlying economics of their decision; blind use of probability of nonexceedance rules can lead to maladaptation with stakeholders either over-designing or under-designing their assets.
The results of this study are dependent on several assumptions including (1) discount rate, (2) earth work costs and (3) monetary benefit of the water. Each of these variables is a potential source of uncertainty and may potentially affect the optimum reservoir capacity. As a result, a sensitivity analysis was undertaken to establish whether altering these parameters changed the perceived optimum reservoir capacity.
The sensitivity analysis is presented here for the site of These variations in median optimum reservoir capacity were subsequently compared to the capacities given by the simpler % exceedance rules, in this case the 80 and 95% dry year irrigation demand. For the Woburn site and the base variable values, the 95% probability of non-exceedance rule out performs the 80% probability of nonexceedance rule (Figure 4) . At larger discount rates (>7%) the 80% rule works better, and for lower earthwork costs (less than £1.80.m À3 ) the two rules are equally close.
For all water values, the 95% probability of non-exceedance rule was nearer the optimum value, but both rules failed to show that the reservoir was no longer economically viable when the water value was less than £0.78.m
À3
. More case studies would be needed to confirm these are general results, but they suggest that the 80% rule may be misleading.
It should be noted that these findings are conditional on the view that the median optimum reservoir capacity also noted that subsequent iterations of the UKCP09 weather generator had issues reproducing a realistic distribution of sunshine hours and direct and diffuse irradiation which can lead to absurd conclusions. We expect that the UKCP09 weather generator will be gradually improved over time to reduce or remove these concerns; while they did not affect the findings of this study they may have implications for other applications where hourly data are of high importance.
A criticism of the change factor method, as previously noted, is that it assumes that the temporal and 
CONCLUSIONS
This study found that use of a weather generator did not greatly alter the decision outcome compared to using the conventional and relatively crude change factor approach, suggesting that the changes in day-to-day climate variability that are simulated by the weather generator are not significant enough to warrant action when informing irrigation reservoir design. This result is contrary to the expectation that the UKCP09 weather generator lends itself to more robust decision making; in reality the difference between the two approaches is negligible.
The core benefits of the weather generator may continue to make it an attractive tool to use, those being that it provides hourly climate data and readily available evapotranspiration data. Whether these benefits outweigh its fundamental limitations including the poor simulation of extreme meteorological events, is subject to the sensitivity of each application and the user's requirements. The study also found that the 'best-practice' approach of using the 80% probability of non-exceedance rule is inadequate and designers should instead investigate the fundamental economics (e.g. NPV) that underpin the decision making process.
